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Abstract—The practice of elastography is generally limited to small applied compressions (typically 1%), under
the assumption of a linear stress-strain relationship in biological tissue. However, the recent reports of larger
applied compressions and precompression levels to increase the strain contrast violate the above assumption. The
nonlinear stress-strain relationships in different breast tissue types signiﬁcantly alter the contrast in elastogra-
phy, especially for large applied compression. The moduli of normal ﬁbrous and glandular breast tissue (along
with cancerous lesions) are strain-dependent, with tissue stiffness increasing with applied compression. In this
paper, we illustrate that the strain-dependence of the modulus has a signiﬁcant impact on the elastographic
contrast and on the contrast-to–noise ratio, and may even cause a reversal of the contrast in certain situations.
This paper also emphasizes the effect of the precompression strain level on the strain contrast. © 2000 World
Federation for Ultrasound in Medicine & Biology.
Key Words: Breast, Contrast-to–noise ratio, Contrast-transfer efﬁciency, Cross-correlation, Elastography, Elas-
togram, Imaging, Nonlinear stress-strain, Strain, Strain ﬁlter, Strain-dependent modulus, Ultrasound.
INTRODUCTION
Elastography is a new imaging modality that is able to
image elastic tissue parameters related to the structural
organization of healthy and pathological tissues (Ophir et
al. 1991, 1996, 1997; O’Donnell et al. 1994; Garra et al.
1997). The elastic properties of soft tissues depend on
their molecular building blocks, and on the microscopic
and macroscopic structural organization of these blocks
(Fung 1981). Pathological changes are generally corre-
lated with changes in tissue stiffness. However, very few
basic data are available in the literature on the stiffness of
soft tissues (Sarvazyan et. al 1991; Parker et al. 1990;
Walz et al. 1993; Krouskop et al. 1998). In addition,
experimental measurements of tissue stiffness changes,
due to the nonlinear stress-strain relationship in tissue,
was ﬁrst presented by Krouskop et al. (1998).
We have observed that stress-strain curves derived
from specimens of breast tissue may exhibit linear or
nonlinear behavior (Krouskop et al. 1998). Speciﬁcally,
fatty tissues are generally characterized by a linear rela-
tionship, and normal glandular tissue and ﬁbrous tissue,
as well as ductal and intraductal tumors, exhibit nonlin-
ear characteristics. The nonlinear stress-strain relation-
ship means that the elastic moduli of these tissues vary
with the applied compression. This variation in the tissue
modulus is illustrated in Fig. 1 for a typical glandular
breast tissue specimen. Note that the elastic modulus for
glandular tissue is approximately constant only at very
low applied strains, and that it increases exponentially
(obtained by curve-ﬁtting) at higher strains. A similar
behavior was also observed with ﬁbrous and ductal and
intraductal tumors in breast tissue (Krouskop et al.
1998). The variation in tissue stiffness with applied strain
may have a profound effect on the contrast and elasto-
graphic contrast-to–noise ratio (CNRe) observed in the
elastogram at different applied strains. In general, all the
elastographic quality parameters will be affected because
changes in tissue stiffness with applied strain may
change the dynamic range (which changes both the sen-
sitivity and saturation values) of the observed strains and
their respective signal-to–noise ratios (SNRe).
The assumption of a linear stress-strain relationship
has been widely used in elastographic imaging, yet it is
applicable only to small applied strains (Ophir et al 1991,
1996, 1997, 1999; Ces ´pedes 1993; Garra et al. 1997).
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839Most biological tissues exhibit nonlinear stress-strain
relationships, especially at larger applied strains. Re-
cently, some of the groups involved in elastography have
used larger applied compressions or a precompression
step to improve the contrast and CNRe in the elastogram.
The improvement in the contrast and the CNRe proper-
ties at larger applied strains or precompression steps was
attributed entirely to the applied compression (Chatur-
vedi et al. 1998). However, this analysis did not take into
account the nonlinear stress-strain relationship observed
in different tissue types at these compression levels
(Krouskop et al. 1998). In this paper, we illustrate that
the elastographic appearance of some tumors may
change with applied strain. Therefore, a simple increase
of the applied strain may not always assure a resulting
increase in the CNRe of tumors.
The CNRe analysis is based on the combination of
the noise properties of the elastographic imaging process
characterized by the strain ﬁlter (SF) (Varghese and
Ophir 1997; Varghese et al. 1998), along with the elastic
contrast properties of tissue described by the contrast-
transfer efﬁciency (CTE) formalism (Ponnekanti et al.
1995; Kallel et al. 1996). This combined theoretical
model allows the description of the CNRe in terms of both
the mechanical strain contrast limitations in the target and
the noise properties of the system. The combination of the
CTE and the SF analysis (Varghese and Ophir 1997;
Varghese et al. 1998) allows us to predict the CNRe behav-
ior of various lesions and backgrounds for different applied
strains and under varying precompression levels in a plane-
strain single circular inclusion model.
The changes in the achievable CNRe behavior for
different tissue types can be theoretically predicted by
ﬁtting curves to the actual experimental data, obtained by
subjecting the tissue to a large range of applied strains
(Krouskop et al. 1998), and generating empirical stress-
strain relationships that characterize the tissue type
(glandular or ductal tumors). The CTE had been previ-
ously derived for lesions and backgrounds with linear
stress-strain relationships (Kallel et al. 1996). The anal-
ysis will be extended to linear/nonlinear inclusion/back-
ground combinations that are consistent with those that
are expected to be encountered in the breast. Single-
lesion simulation phantoms using the analytic model
(Kallel et al. 1996) are used to generate lesions that
possess experimentally conﬁrmed nonlinear stress-strain
relationships (Krouskop et al. 1998). The background
(tissue regions surrounding the lesion) is modeled using
tissue with both linear and nonlinear stress-strain rela-
tionships. The simulations incorporate the effects of us-
ing the ultrasound (US) system to estimate tissue strain.
The next section presents a theoretical prediction of
the potential effects of nonlinear stress-strain relation-
ship of tissue on the CNRe. Simulation results obtained
using an analytic elastographic phantom provide both
qualitative and quantitative comparison of the changes
observed due to the nonlinear stress-strain behavior un-
der different inclusion/background combinations. The
contributions of this study are discussed and summarized
in the Conclusion.
THEORETICAL ANALYSIS
The primary imaging parameters that change with
the nonlinear stress-strain relationship are the contrast
and the CNRe in elastography. In this section, we present
the deﬁnitions of the contrast and the CNRe, along with
a comparison of the changes in these parameters under a
linear and nonlinear variation in the tissue stress-strain
relationships. Because the contrast in elastography de-
pends on the changes in the moduli, we deﬁne the true
modulus contrast as follows:
Ct 5
EI
EB
5
mI
mB
, (1)
where EI and EB are the elastic Young’s moduli, and mI
and mB are the shear moduli of the inclusion and back-
ground, respectively. The relationship between the
Young’s and shear moduli is obtained because they are
related by a constant factor (the Poisson’s ratio), under
plane-strain conditions. However, because the parameter
estimated in elastography is the tissue strain, we deﬁne
the observed strain contrast as follows:
Fig. 1. The actual experimental nonlinear stress-strain relation-
ship obtained with healthy glandular breast tissue over a 30%
strain range. This ﬁgure presents the increase in the tissue
stiffness or Young’s modulus with applied strain. This curve
was obtained by subjecting small slab-shaped samples at room
temperature (23.8°C 3°C), to deformations of 30%. The tissue
sample geometry (ratio of sample height to the smallest dimen-
sion in the plane perpendicular to the height was 1:4), pre-
vented it from buckling under compression. The compressor
diameter was also limited to less than 25% of the sample
diameter (Krouskop et al. 1998).
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where eI and eB are the strains incurred in the inclusion
and background, respectively. The fundamental limita-
tions on the observed strain contrast have been quantiﬁed
(Ponnekanti et al. 1995) in terms of the CTE using ﬁnite
element analysis, and theoretically by Kallel et al. (1996)
under plane-strain boundary conditions. The CTE was
deﬁned by Ponnekanti et al. (1995) as the ratio of the
observed (axial) strain contrast measured from the elas-
togram to the underlying true modulus contrast, using a
single inclusion, plane-strain model. Expressed in deci-
bels, it is given by:
CTE~dB! 5 uCo~dB!u 2 uCt~dB!u, (3)
where the magnitude is used to have CTE normalized to the
zero dB level (i.e., the maximum efﬁciency is reached at 0
dB for both stiff and soft inclusions) assuming that
uCo~dB!u $ uCt~dB!u. (4)
The CTE is a metric that quantiﬁes how well a given
modulus contrast is mapped into a respective strain con-
trast. Figure 2 illustrates the theoretical behavior of the
CTE parameter over a large range of modulus contrasts
using the two-dimensional (2-D) analytical model (Kal-
lel et al. 1996).
Changes in the CTE due to the nonlinear stress-strain
relationship
The fundamental mechanical contrast limitations
governed by the CTE apply to both linear and nonlinear
stress-strain situations. The CTE curve illustrated in Fig.
2 does not change under different stress-strain condi-
tions. However, the CTE will change, depending on the
changes in the true modulus contrast (ratio of the inclu-
sion modulus to background modulus). When the inclu-
sion and the background follow a linear stress-strain
relationship, the contrast remains constant for all applied
strains. Therefore, under linear stress-strain conditions,
the CTE value is constant. For example, for a single
inclusion phantom (stiffer than background) with a 6-dB
contrast, the operating point on the CTE curve P1 is the
same for all applied strains, as illustrated in Fig. 2. The CTE
value also remains constant at 23 dB for all applied strains.
On the other hand, if either or both the inclusion and
the background elastic moduli are governed by a nonlin-
ear stress-strain relationship, the true modulus contrast
changes with applied strain (in our example, it changes
from 6 dB to 20 dB), causing a change in the CTE value.
The operating point on the CTE curve changes from the
operating point P1 to the operating point P2, under these
conditions. The exact value of the CTE for the phantom
will now depend on the value of the true modulus con-
trast, which is dependent on the applied compression.
For example, assuming that the inclusion moduli in-
crease with applied strain, with the true modulus contrast
increasing from a factor of 6 dB to 20 dB, the CTE
decreases from 23d Bt o25.8 dB. The CTE in the
phantom has, therefore, changed from 23 dB with no
applied strain to 25.8 dB (point P1 to P2 on the CTE
curve) for a certain applied strain. The nonlinear stress-
strain relationship may, therefore, lead to higher or lower
true modulus contrasts, or even to a ﬂipping of the
contrasts from the stiffer to softer inclusion region in Fig.
2. Different precompression steps will also signiﬁcantly
alter the true modulus contrast in the tissue specimen
under these conditions.
The change in the CTE value for different applied
strains under nonlinear stress-strain conditions allows the
prediction of the observed strain contrast in elastography.
This change in the CTE with applied strain can signiﬁ-
cantly alter the depiction of the inclusion in the elasto-
gram, as is discussed later in this paper. The changes in
the CTE with applied strain also signiﬁcantly impact the
CNRe through changes in the mean strain levels in the
inclusion and the background.
The contrast-to–noise ratio in elastography
Changes in the observed strain contrast in elastog-
raphy contribute signiﬁcantly to changes in the CNRe,
which is an important quantity related to the detectability
of a lesion. In a recent publication (Varghese and Ophir
1998), the combination of the SF analysis (Varghese and
Ophir 1997; Varghese et al. 1998) with the CTE formal-
ism (Ponnekanti et al. 1995; Kallel et al. 1996) to pro-
duce elastographic CNRe vs. strain curves (Varghese and
Ophir 1998) was discussed. The combined theoretical
model enables prediction of the elastographic CNRe. The
expression for the CNRe in elastography (Bilgen and
Insana 1997) may be deﬁned as:
Fig. 2. The theoretical contrast-transfer efﬁciency curve for
elastography.
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2~eB 2 eI!
2
seB
2 1 seI
2 , (5)
where eB and eI represent the mean values of the strain,
and seB
2 and seI
2 denote the strain variances in the back-
ground and inclusion, respectively. Note from eqn (5)
that the CNRe in the elastogram can be estimated from
knowledge of the means and the variances of the strain
estimates. The numerator in eqn (5) represents the dif-
ference in the mean strains between the two regions of
interest, and the denominator represents the average vari-
ance. Under nonlinear stress-strain conditions, the mean
strain levels change with the applied strain and are char-
acterized by the CTE. The manner in which the CNRe is
obtained using the SF analysis is discussed in Appendix A.
In the next two subsections, we discuss and com-
pare the changes in the contrast and the CNRe for both
linear and nonlinear stress-strain relationships. The
CNRe varies with applied strain under both linear and
nonlinear stress-strain conditions due to the subsequent
changes in the average variance, denominator of eqn (5);
however, under nonlinear stress-strain conditions, the
CNRe also depends on the changes in the mean strain
levels (difference) due to the applied strain.
Variation in the contrast and CNRe under linear stress-
strain conditions in a plane-strain, single circular inclu-
sion model
Under a linear stress-strain relationship, the elastic
moduli in tissue is unaffected by changes in the applied
compression. The observed strain contrast (Kallel et al.
1996) in the elastogram does not depend on the applied
compression, and is given by:
Co 5
eI
eB
5F
~1 2 2n!
Ct 1 ~1 2 2n! 1
2
1 1 Ct~3 2 4n!G, (6)
where eI and eB are the strains incurred in the inclusion
and background, respectively, Ct is the shear modulus
contrast deﬁned in eqn (1) and n is the Poisson’s ratio.
Expressions for the mean strains in the inclusion and in
the background have been theoretically derived by Kallel
et al. (1996) and are given by:
eI 5F
~1 2 2n!~1 2 n!
2mI 1 mM~2 2 4n! 1
~1 2 n!
mM 1 mI~3 2 4n!GA
eB 5F
1 2 n
2mMGA, (7)
where A is the applied strain. The difference between the
mean strains (numerator of the CNRe expression) is
written as:
~eB 2 eI! 5
@2mI
2~3 2 4n! 2 2mImM 2 2mM
2 ~2 2 4n!#~1 2 n!A
2mM@2mI 1 mM~2 2 4n!#@mM 1 mI~3 2 4n!# .
(8)
Equation (8) is obtained by substituting for eI and eB
from eqn (7). The presence of the factor A in eqn (8)
illustrates the strain dependence of the CNRe expression,
eqn (5).
Variation in the contrast and CNRe under nonlinear
stress-strain conditions
Because the experimental data obtained from
breast tissue exhibit nonlinear stress-strain character-
istics, the observed strain contrast in the elastogram
changes with applied strain. The variation in the ob-
served strain contrast introduces an additional source
of change in the CNRe expression. In this section, we
discuss the changes in the true modulus contrast, the
observed strain contrast and the CNRe for a linear
increase in the inclusion modulus. The linear increase
in the modulus is used to model a nonlinear stress-
strain relationship. The expression for the true modu-
lus contrast, eqn (1), for the case with a linear increase
in the inclusion modulus (with an increase in the slope
m) is now given by:
Ct
L 5
mI
L~A!
mB
5
mA 1 mI
mB
, (9)
where m
L
1(A) represents the linear increase in the
inclusion modulus with the applied strain A (unitless),
and m is the slope in kPa. Note that, for a zero slope
(m 5 0, representing a linear stress strain relation-
ship), eqn (9) reduces to eqn (1). The contrast in the
tissue modulus, therefore, increases with applied com-
pression at a rate determined by the slope for the linear
model shown. Because of the tissue stiffness increase,
the strain incurred in the inclusion decreases and is
given by:
eI
L 5F
~1 2 2n!~1 2 n!
2mI 1 mM~2 2 4n! 1 2mA
1
~1 2 n!
mM 1 mI~3 2 4n! 1 mA~3 2 4n!GA, (10)
where eqn (10) is obtained by substituting the linear
increase in the inclusion modulus illustrated in eqn (9)
into eqn (7).
Note that the reduction in the mean strain level in
the inclusion is due to the presence of the slope term m
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contrast in the elastograms improves because the back-
ground strain remains the same for similar applied com-
pressions. The observed strain contrast under nonlinear
stress-strain conditions (linear increase in the inclusion
modulus) is given by:
Co
L 5F
~1 2 2n!
Ct 1 ~1 2 2n! 1 mA/mM
1
2
1 1 Ct~3 2 4n! 1 mA~3 2 4n!/mMG, (11)
The difference in the mean strain incurred in the inclu-
sion and background also increases, thereby improving
the CNRe value, from eqn (5). The mean strain differ-
ence is now given by:
~eB 2 eI
L! 5
@2mI
2~3 2 4n! 2 2mImM 2 2mM
2~2 2 4n! 1 NA#~1 2 n!A
2mM@2mI 1 mM~2 2 4n!#@mM 1 mI~3 2 4n!# 1 DA
,
(12)
where
NA 5 2mA@mA~3 2 4n! 1 2mI~3 2 4n! 2 mM#
DA 5 mA@mM~2 1 ~3 2 4n!~2 2 4n!!
1 3mI~3 2 4n! 1 2mA~3 2 4n!# (13)
where NA and DA represent the additional change in the
numerator and denominator of eqn (12), due to the in-
crease in the observed strain contrast. In a similar man-
ner, the change in the contrast and the CNRe can also be
expressed for an exponential increase (which has a more
complex relationship) in either the inclusion or back-
ground modulus.
Figure 3 presents the variation in the CNRe with
applied strain, for the case where the inclusion models
the nonlinear stress-strain relationship for glandular tis-
sue (using a curve ﬁt as shown in Fig. 3a) in a back-
ground with a linear stress-strain relationship or constant
modulus value, such as fatty tissue. Note the excellent
correspondence between the ﬁtted curve and the exper-
imental data for glandular tissue. We ﬁt the following
function with two linear (Plin) and two nonlinear (Pnlin)
parameters, to obtain the curve shown in Fig. 3a.
EG 5 Plin~1!exp~ 2 Pnlin~1!A! 1 Plin~2!exp
~ 2 Pnlin~2!A!, (14)
where EG represents the stiffness value depicted on the
curve for the applied strain A, and the parameters of eqn
(14) are given by:
Plin 5 @9.9049 3.8622#,Pnlin 5 @0.0657 2 0.0629#
(15)
The number of terms in eqn (14) can be increased to ﬁt
more complex experimental data. Figure 3 presents
CNRe curves for two cases: 1. a fatty inclusion sur-
rounded by a fatty background (the Young’s moduli for
both the fatty regions are different) simulating linear
stress-strain conditions, and 2. a glandular inclusion sur-
rounded by a fatty background, where the glandular
tissue follows a nonlinear stress-strain relationship. The
initial modulus contrast for both cases is 6 dB (the
inclusion is a factor of 2 stiffer than background). Note
that the CNRe value is higher at certain applied compres-
sions for the glandular tissue embedded in fat, when
compared to the case where both the inclusion and the
background have constant modulus values (fatty tissue),
respectively. A slope of 0 kPa represents cases with a
linear stress-strain relationship in this paper. The results
Fig. 3. (a) The experimental data along with the function for the curve ﬁt. (b) The variation in the CNRe for the case
with a linear stress-strain relationship (fatty vs. fatty tissue) is compared to the case obtained using the experimental
glandular tissue vs. fatty tissue (nonlinear stress-strain relationship).
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optimal range of applied compressions exist where the
CNRe is maximized. Theoretical expressions for the vari-
ation in the contrast and the CNRe, where the inclusion
modulus increases linearly with applied compression,
was illustrated in this section.
In the next section, we analyze several simulated
inclusion/background combinations using the analytic
model (Kallel et al. 1996), where the Young’s modulus
of either the inclusion or the background increase lin-
early or exponentially with applied strain. Elastograms
obtained using the combination of the analytic model
with the RF image formation model illustrate the
changes in the contrast and the CNRe under these con-
ditions, at different applied strain values.
SIMULATION RESULTS
In this section, simulation results using the 2-D
analytic model (Kallel et al. 1996) illustrate the changes
in the inclusion and background Young’s modulus, under
linear and exponential variations with applied compres-
sion. Experimental results (Krouskop et al. 1998) show a
linear increase in the modulus at low strains, with the
modulus increasing exponentially at larger applied com-
pressions. Figures 4 and 5 present cases with respective
linear increases in the inclusion and background moduli
with strain, and Figs. 6 and 7 show the effects of an
exponential increase in the inclusion and background
moduli. Elastograms obtained at two different applied
compression levels on the CNRe curves (shown by the
Fig. 4. The nonlinear variation in the contrast and the CNRe due to a linear increase in the inclusion modulus with
applied strain. (a) The variation in the contrast with strain for cases with a uniform modulus (linear stress-strain
relationship) for both the inclusion and background (slope 5 0) and for cases with a linear increase (nonlinear
stress-strain relationship) in the inclusion modulus (slope 5 100 and 1000). (b) Note that the CNRe increases with an
increase in the contrast, especially at high strains. The nonlinear stress-strain relationship signiﬁcantly changes the CNRe
in the elastogram. (c) The elastograms obtained for the three different CNRe curves at an applied strain of 1% and (d)
of 4%. A comparison of the elastograms in (c) and (d) illustrate the improvement in the CNRe due to a decrease in the
average variance. The variation in the elastographic CNRe from (i) to (iii) illustrates the change due to the nonlinear
increase in the contrast for the different applied strains.
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ded in the background. The CNRe estimated from the
elastogram is compared to the theoretical value obtained.
The CNRe in the elastogram is computed between a
small region in the inclusion at the center of the phantom,
and small regions at the four corners of the phantom, to
reduce the impact of the stress concentration artifacts on
the CNRe. The median value from the four estimates of
the CNRe is selected.
The elastograms are obtained using the analytic
solution of the elasticity equations derived by Kallel et
al. (1996). The analytic solution is derived for a cir-
cular inclusion embedded in an inﬁnite medium sub-
jected to a uniaxial compression under plane-strain
conditions. The pre- and postcompression waveforms
for the 2-D analytic model are obtained as follows.
First, the analytic model is used to generate displace-
ment information for the applied compression. An
acoustic Rayleigh scattering model is added to the
displacement information to simulate a tissue-scatter-
ing proﬁle. Finally, the pre- and postcompression ra-
diofrequency (RF) signals are generated using a con-
volutional model and a simulated acoustic transducer.
The transducer axial point-spread function (PSF) was
simulated using a Gaussian-modulated cosine pulse.
The sampling frequency used to generate the RF sig-
Fig. 5. The nonlinear variation in the contrast and the CNRe due to a linear increase in the background modulus (or a
linear decrease in the inclusion modulus) with applied strain. (a) The variation in the modulus contrast with a linear
decrease in the inclusion modulus with strain. (b) CNRe curves for the decrease in the contrast with strain. Note the shift
in the maximum toward lower strains. The shift in the contrast from stiffer to softer lesions is observed in the ﬁgure,
for the curve with a slope of 1000 and a 2% strain. Note that the CNRe drops to zero, followed by an increase in the
CNRe, before the onset of signal decorrelation errors. For the CNRe curve with a slope of 100, this shift occurs in the
constant variance region where the CNRe is close to zero. (c) The elastograms obtained for the three different CNRe
curves at an applied strain of 1% and (d) 0.3%. A comparison of the elastograms in (c) and (d) illustrate the improvement
in the CNRe obtained with a decrease in the average variance. The variation in the elastographic CNRe from (i) to (iii)
illustrates the change due to the nonlinear decrease in the contrast from the different applied strain levels.
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constant at 1540 m/s.
The contrast and the CNRe curves along with the
elastograms were obtained using a transducer with a
5-MHz center frequency, 60% bandwidth, SNRs 5 40
dB, Z 5 3 mm with a 50% overlap. The initial or starting
modulus contrast (SC) was 2 with the background stiff-
ness (BS) set at 20 kPa. Figure 4 presents the case with
the linear increase in the inclusion modulus with applied
compression, and the background modulus remains con-
stant. Note that the CNRe (Fig. 4b) increases with an
increase in the contrast (Fig. 4a), especially at high
strains. The nonlinear stress-strain relationship signiﬁ-
cantly changes the CNRe when compared to the case
with a constant contrast value of 2 (slope 5 0). The
elastograms in Fig. 4c, d (i-iii) indicate the improvement
in the CNRe with the increase in the contrast for applied
compressions of 1% and 4%, respectively. Comparing
the elastograms (i) in Fig. 4c and d, we observe the
increase in the CNRe due only to the change in the
average variance in the denominator of eqn (5) because
they possess a linear stress-strain relationship. The slope
value of 100 used in Fig. 4 compares favorably with the
CNRe values observed for glandular tissue (Fig. 3b). The
higher slope of 1000 is used to illustrate that the CNRe is
maximized for a certain range of strains.
Figure 5 presents the variation in the contrast and
the CNRe with a linear increase in the background mod-
ulus value (or a linear decrease in the inclusion modulus
value), while the inclusion modulus remains constant.
Note that the CNRe decreases with a decrease in the
contrast, especially at high strains. Note also the contrast
reversal due to the cross-over from stiffer to softer in-
clusions seen for the CNRe curve at a 2% strain with the
larger slope of 1000. For the CNRe curve with the slope
of 100, this cross-over occurs in the Barankin region
Fig. 6. The nonlinear variation in the contrast and the CNRe due to an exponential increase in the inclusion modulus with
applied strain. (a) The variation in the modulus contrast with an exponential increase in the inclusion modulus with
strain. (b) Note the signiﬁcant increase in the CNRe with contrast, when compared to the linear case (Fig. 4b). Also
shown are elastograms obtained for the three different CNRe curves at applied strains of (c) 1% and (d) 0.3%.
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The CNRe curve obtained using the linear stress-strain
relationship provides the highest value of the CNRe
under these conditions. Note the decrease in the CNRe in
the elastograms from left to right, with an increase in the
slope due to the reduction in the contrast, and top to
bottom, with an decrease in the strain.
The variation in the CNRe with an exponential
increase in the inclusion modulus value is illustrated in
Fig. 6. Note the signiﬁcant increase in the CNRe with the
exponential increase due to the larger increases in the
strain contrast when compared to the linear increase in
Fig. 4. The larger increases in the contrast also shift the
peak of the CNRe curve to the left, toward lower applied
strains. The elastograms in Fig. 6c and d illustrate the
improvement in the contrast and the CNRe with the
exponential increase in the inclusion modulus with ap-
plied compression. Finally, Fig. 7 presents the CNRe
curves for the background with an exponential increase
in the modulus. Observe that the exponential decrease in
the contrast signiﬁcantly affects the elastogram because
the inclusion ﬂips from being stiffer when compared to
the background to being softer. The CNRe curves for the
nonlinear stress-strain relationship are basically for soft
inclusions because the cross-over from stiff to soft in-
clusions occurs before a strain of 0.1%, producing the
narrower CNRe curves. The contrast reversal is clearly
observed in the elastograms illustrated in Fig. 7c and d.
Precompression of tissue before imaging also sig-
niﬁcantly changes the tissue stiffness, due to the nonlin-
Fig. 7. The nonlinear variation in the contrast and the CNRe due to an exponential increase in the background modulus
with applied strain. (a) The variation in the modulus contrast with an exponential decrease in the inclusion modulus with
strain. (b) Observe the reduction in the CNRe with applied strain. The CNRe curves for the exponential cases are those
for soft inclusions because the changeover in the contrast from stiff to soft inclusions occurs at very low strains (,
0.1%). also shown, the elastograms obtained for the three different CNRe curves at applied strains of (c) 1% and (d)
0.3%. Note that the contrast in the elastograms ﬂips, (c) ii & iii and (d) ii & iii, due to the nonlinear stress-strain
relationship.
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in an ovine kidney, Stafford et al. (1998) have shown that
the amount of precompression strain applied to tissue
may signiﬁcantly improve elastographic lesion contrast
observed in the elastogram. This increase in the lesion
contrast may be due to the stiffening of the lesion with
the increased precompression due to a nonlinear stress-
strain relationship, which is also illustrated in Fig. 8,
where the inclusion contrast increases linearly with ap-
plied strain (slope 5 100). Note the signiﬁcant improve-
ment in the contrast and the CNRe for the elastograms in
Fig. 8b with an increase in the precompression strain-
level. This improvement in the CNRe is not due to the
incremental compression but, rather, is due to the in-
crease in the precompression.
The nonlinear change in the tissue stiffness for
different precompression strain levels can also be ana-
lyzed using the subtraction elastograms (absolute value
of the difference between the elastograms obtained at
different precompression levels). The subtraction elasto-
grams illustrated in Fig. 8c (ii&iii) quantify the nonlinear
increase in the inclusion modulus when compared to the
background. Observe, from Fig. 8c (ii&iii), that the in-
crease in the contrast and CNRe in the elastogram (Fig.
8 b, ii&iii) due to the larger precompression strain levels
is clearly depicted in the subtraction elastograms. In
addition, observe that the nonlinear changes are limited
to those introduced due to presence of the inclusion (in
the inclusion region and mechanical artefacts caused by
the inclusion), but no changes are observed in the back-
ground. On the other hand, under linear stress-strain
conditions, observe that the subtraction elastogram does
Fig. 8. The variation in the (a) CNRe curves, (b) strain elastograms, and (c) subtraction elastograms with different
precompression strain levels at a speciﬁed value of the applied strain for the case where the inclusion modulus increases
linearly with strain (slope 5 100). The subtraction elastograms are obtained by subtracting the strain elastogram with
a contrast of 2 [ﬁrst elastogram (i.e.,(b) i)] from the other strain elastograms. Note the improvement in the contrast and
the CNRe in the strain elastograms, which is depicted in the subtraction elastograms. The nonlinear changes are depicted
in the subtraction elastograms.
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(i), under all precompression strains.
The precompression strain level does not always
improve the contrast in the elastograms, as illustrated in
Fig. 9, for the case where the background modulus be-
haves in a nonlinear manner. Note that, from the elasto-
grams in Fig. 9b and the CNRe curves (Fig. 9a), the
contrast and the CNRe decrease with an increase in the
precompression strain level. Note also the large increase
in the contrast and CNRe in the subtraction elastograms
depicted in Fig. 9c. The subtraction elastogram provides
a means of quantifying the nonlinear variation in contrast
in strained tissue.
The subtraction elastograms obtained in this manner
are not signiﬁcantly affected by the variance of the strain
estimates because the applied strain is maintained con-
stant. The improvement in the contrast and CNRe is
primarily due to the change in the mean strain levels due
to the nonlinear stress-strain relationship with applied
strain. The subtraction elastograms can also be obtained
for different applied strains by scaling the zero precom-
pression elastogram by the appropriate applied strain
before subtraction. However, in this case, the variance of
the strain estimates will also contribute to the change in
the CNRe in the strain and subtraction elastograms.
The simulated strain and subtraction elastograms
shown in this section illustrate the change in the appear-
ance of the elastogram under nonlinear stress-strain con-
ditions. These results show that a clear understanding of
the nonlinear relationships in tissue is necessary before
practicing elastography at large applied compressions
and/or precompression strain levels.
Fig. 9. The variation in the (a) CNRe curves, (b) strain elastograms, and (c) subtraction elastograms with different
precompression strain levels at a speciﬁed value of the applied strain for the case where the background modulus
increases linearly with strain (slope 5 100). The subtraction elastograms are obtained by subtracting the strain
elastogram with a contrast of 2 [ﬁrst elastogram (i.e., (b) i)] from the other strain elastograms. Observe the reduction
in the contrast and the CNRe in the strain elastograms, which is depicted in the subtraction elastograms.
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A clear understanding of the nonlinear stress-strain
relationships between different tissue types is necessary
before elastograms obtained using large applied com-
pressions and/or precompressions can be properly inter-
preted. This paper illustrates that assumption of a linear
stress-strain relationship and use of larger applied com-
pressions may lead to misdiagnosis by converting a stiff
lesion to a soft lesion or, in some cases, reducing the
contrast between the lesion and its surrounding tissue.
The improvement in the contrast and CNRe with larger
applied compressions is observed only for lesions that
are stiffer and embedded in a medium that possesses a
linear stress-strain relationship, at low and high strain
levels.
The CNRe observed in the elastogram depends on
the difference in the mean strain levels and the average
variance. In situations with a linear stress-strain relation-
ship, the changes in the CNRe are primarily due to
changes in the average variance from changes in the
applied strain. On the other hand, under nonlinear stress-
strain, the difference in the mean strain levels also
change with applied strain conditions, in addition to
changes in the average variance.
The subtraction elastograms presented in this paper
illustrate that the nonlinear changes in tissue may be
imaged. Stafford et al. (1998) have previously reported
the increased contrast observed in the elastograms with
larger precompression strain levels. Because the contrast
observed in the elastogram depends on a large number of
parameters, the exact conditions used to generate the
elastogram are very critical when reporting improve-
ments in the contrast and CNRe. The subtraction elasto-
grams presented in this paper isolate the nonlinear
changes in tissue (under certain conditions, as discussed
in the previous section) and could play a role in the
characterization and diagnosis of lesions in the future.
In breast tissue, a broad range of ﬂexibility is ob-
served between different tissue types comprising the
breast. The healthy breast is primarily composed of fat
and ﬁbrous connective tissue, including Cooper’s liga-
ments (arranged in a honeycomb-like structure) sur-
rounding the functional breast components of breast
ducts, lobes and lobules. However, among the normal
tissue types, only fatty tissue in the breast exhibits a
linear stress-strain relationship, and ﬁbrous and glandular
tissue follow a nonlinear stress-strain relationship. Fatty
tissue, therefore, may be used as the reference tissue in
the breast at low and/or high strains.
The strain-dependence of the modulus may eventu-
ally serve as a basis for the differentiation of tissue types.
In general, the stiffness of the different types of tissue
increases with the applied compression (Krouskop et al.
1998). The precompression level used may signiﬁcantly
change the contrast due to the strain-dependence of the
modulus. This improvement in the contrast and CNRe is
not due to the incremental compression but, rather, is due
to the increase in the precompression. The required con-
trast and CNRe may, therefore, determine the selection of
the precompression level.
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APPENDIX
Estimating the contrast-to–noise ratio using the strain
ﬁlter
The behavior of the upper bound of the elasto-
graphic SNRe with tissue strain is deﬁned as the SF
(Varghese and Ophir 1997), and is given by:
SNRe
UB 5
e
s~e ˆ!ZZLB,r
, (A1)
where e is the tissue strain, and s(eˆ)ZZLB,r is the
modiﬁed Ziv-Zakai lower bound (ZZLB) (Weinstein
and Weiss 1984) on the standard deviation of the
strain estimator (Varghese and Ophir 1997). The SF
plotted in Fig. A1, shows that the measurement pro-
cess allows only a selected range of strains to be
displayed on the elastogram with a reasonable SNRe
and, consequently, has bandpass characteristics in the
strain domain. Because the performance of the strain
estimator in elastography depends on the tissue strain
(see Fig. A1), the contrast and, subsequently, the
CNRe depend on all the factors that inﬂuence the SF
(Varghese and Ophir 1997; Varghese et al. 1998).
Figure A1 illustrates the process of estimating CNRe
between two different tissue strain values using the
SF. For the two different strain values, we obtain the
corresponding SNRe and, thereby, the variance values,
from the SF. An upper bound on the CNRe is obtained
using eqn (5), because the SF formulation is an upper
bound.
Fig. A1. A plot of the SF for a transducer with a 5-MHz center
frequency, 60% bandwidth and a 3-mm cross-correlation win-
dow length with a 50% overlap between windows. The CNRe
betweent he two values of the strain (0.5% and 3%) is estimated
from the SF. In a similar manner, CNRe values between all
strain combinations can be computed.
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